The content of 13C varies in plants with Crassulacean acid metabolism. Differences up to 3.5/,, in the '3C/'2C ratios were observed between leaves of different age in the same plant of BryophyUum daigremontianum. Soluble (16) , the general mechanism is as follows. CAM plants fix exogenous carbon during the night via PEPC and accumulate organic acids, mainly malate, in the leaves. During the subsequent day, the endogenous carbon from decarboxylation of the malic acid is incorporated into the Calvin cycle, and exogenous CO2 might be fixed in light by one or by both (C; and C) pathways. The "degree of CAM" depends on internal factors such as the age of the leaves (14) and external factors such as the thermoand photoperiod to which the plant has been exposed (13).
The natural abundance of "3C in most land, or terrestrial plants, with the exception of succulent plants, belongs to one of two distinct groups. In the succulents, the '3C contents vary within a wide range extending from -29%o to -10%o (relative to the PDB' standard). This wide range (cf. review in ref. 6) overlaps the values known for plants with the C. photosynthetic pathway (-38%o to -23%o) and the values corresponding to plants with the C4 pathway (-15%o to -9%0) (9) . Many of the succulent plants assimilate carbon by a particular pathway termed CAM (10, 14, 16 ). Lerman (6) has advanced the hypothesis that the wide range of isotope compositions observed in succulents is due to the contribution of both pathways C. and C4 to the CAM. Hence, the 'C and 14C contents fluctuate, and may be dependent on physiological and environmental parameters such as temperature and photoperiod (6) . In the present communication, we describe and discuss the large variations in isotope composition observed among different leaves and different chemical fractions of the same CAM plant.
As shown by Bender (1) and by others (11, 18) , plants with the C. pathway discriminate (or fractionate) against 'C more than plants with the C4 pathway. In a histogram representing S'C of plants of a family in which both pathways are represented (9) , the mode of the C3 species is -28%o. In contrast, the mode of the C4 species is -12%5. Thus the plants appear de- [20] ). These experiments showed that discrimination against '3C during CO, fixation via PEPC is much lower than discrimination in the C. pathway via RuDPC.
Consequently, the isotope method seemed suitable for studying the relative contribution of both carboxylations (C3 and C, type) to the carbon fixation in a plant with CAM. Although not all details of the CAM pathway have been elucidated (16) , the general mechanism is as follows. CAM plants fix exogenous carbon during the night via PEPC and accumulate organic acids, mainly malate, in the leaves. During the subsequent day, the endogenous carbon from decarboxylation of the malic acid is incorporated into the Calvin cycle, and exogenous CO2 might be fixed in light by one or by both (C; and C) pathways. The "degree of CAM" depends on internal factors such as the age of the leaves (14) and external factors such as the thermoand photoperiod to which the plant has been exposed (13) .
MATERIALS AND METHODS
AnalysesAof natural 13C in succulents (11, 18) To investigate the influence of age, we analyzed all the leaves. Bryophyllum has pairs of opposite leaves of the same age, each pair identified here by a leaf number (Fig. 1 a) .
From each pair of leaves, two crude fractions were prepared after aqueous extraction of fresh material at 100 C. A soluble fraction, consisted largely of malate and a relatively small amount of other organic acids and compounds such as amino acids, and sugars; an insoluble fraction was composed mainly of cellulose, starch, and some proteins. Two other fractions, one enriched in cellulose and the other in starch, were later prepared from the insoluble fraction. Starch with some hemicellulose was obtained by solubilizing the insoluble fraction with 17.5% (w/v) NaOH and flocculating with 80% (v/v) methanol. The residue, treated by sodium hypochlorite to remove pectins, consisted mainly of cellulose.
The insoluble, and the starch and cellulose fractions were further treated with 1 N HCl to eliminate possible traces of carbonates, which might cause errors in the isotope analyses (3), then were washed and oven-dried. The free acidity of the soluble fraction was measured by titration of the extracts. and the results are expressed in meq/g dry weight (Fig. lc) . Aliquots were vacuum-dried at room temperature.
The relative abundances 13C/'2C. expressed in the 8'3C(%0) scale (3) with reference to the PDB standard, were obtained by mass spectrometric analyses of CO2 produced by total combustion of about 3 mg of each sample in a flow apparatus (7). Reproducibility of combustions of different aliquots of the same sample was better than 0.4%,.
The 8 value of the CO2 in the atmosphere of the greenhouse was estimated from spot air analyses to be -9.5 + 1%o (lo). To facilitate comparison of Figures 1 and 2 , the results of our analyses have been normalized to an atmosphere of 813C = -7Y,l.
RESULTS AND DISCUSSION
Our results show several interesting features (Fig. lb) . Except for the starch fraction, the 8 values measured on corresponding leaves in both plants (i.e., 9 AM and 5 PM) are coincident within experimental reproducibility. This was expected for plants of the same clone and age, grown in the same atmosphere under the same environmental conditions. In the case of the insoluble fractions, the relatively very small extra amount of carbon fixed by the plant which was sampled at 5 PM did not affect the isotope composition. The extracts, however, greatly decreased their acid content during this time period due to the decarboxylation of the malate and refixation of its carbon (Fig. lc) . Despite this loss of soluble carbon, the 813C of the extracts does not appear to be affected in a measurable amount.
The isotope composition of the extracts from each plant vary between -10.5%o and -13.5%o (Fig. lb) . Extracts of older leaves are richer in "3C than extracts of younger leaves. In our case, leaves Nos. 4 and 5 are 3.5%o depleted with reference to the atmosphere (Fig. lb) . This indicates that in leaves Nos. 4 and 5 all carbon has been fixed in the malate via PEPC, whereas in younger leaves only part is fixed via PEPC. This corresponds with the variation of acidity versus leaf number (Fig. 1 c) , an effect known as increase of CAM with leaf age (14) . A possible factor affecting those values could be the sugars present in the extracts, which could act as contamination because their 8'2C is near to that of cellulose and starch. However, the amount of sugars is negligible in all leaves of the plant sampled at 9 AM (16) and also in the old leaves of the plant sampled at 5 PM. Moreover, the amount of sugar present in the extracts of the young leaves sampled at 5 PM cannot modify the 8 value of their extract by more than l < (unpublished results).
For the insoluble fraction, the isotope composition varies between -19 and -16.5%o (Fig. lb) , and the older leaves are more depleted in "C than the younger ones. This implies that although the older leaves have a higher degree of CAM, suggesting they should approach 8 values similar to those of C1 plants, they show isotope compositions nearer to C3 plants. On the contrary, the young leaves appear to assimilate a larger proportion of carbon by PEPC than by RuDPC in their insoluble matter.
The 8 values of the starch fractions nearly duplicate the trend of the insoluble fractions but at a few per mille apart.
The difference between 8P3C of cellulose and that of starch in equilibrium is 1.7%, (5) (the starch being enriched in "C). 2. Different metabolic compounds have characteristic isotope compositions. In effect, the 8'9C of proteins is not very different from that of total tissue (5) , but lipids can be largely depleted in ':C. However, according to Park and Epstein (12) , when the lipid content of the plant tissue is high, the isotope composition of the lipids approaches that of the total plant. Consequently, the biosynthesis of different proportions of proteins, lipids, and sugars in leaves of different age cannot account for the large variations we measured.
3. We propose another explanation for the differences observed between the insoluble and soluble fractions. In CAM plants, as in C, plants, both C, and C4 enzyme systems participate in the photosynthesis. However, CAM does not appear to be a simple combination of both pathways, each producing its characteristic isotope composition. The large difference between 8"C of the extracts and insoluble matter implies a different mechanism, and we attempt to unravel it as follows.
In Figure 2 we suggest tentative models for the isotope discrimination by the three types of plants. In C, plants (Fig. 2a) . RuDPC is responsible for the large discrimination of "C (about 20,'., as deduced from the distribution of natural 8 values in plants and from an2ly?es of metabolites (9, 12, 19) . However, in C, plants (Fig. 2b) (4) .
In CAM plants (Fig. 2c) three pathways for carbon fixation have been recognized. We discuss the isotope discrimination for each one of them. The most important pathway is the night assimilation. For this process, we envisage the initial PEPC step to be followed by a RuDPC step during the day, which in this case, unlike in C, plants, discriminates against "C.
In CAM plants, both enzyme systems operate in the same cell but with a temporal phase shift (i.e., night/day), accumulating during the night a pool of malate which is considerably larger !h n the pool of a C, plant. Thus, in a CAM plant, the RuDPC would not fix all the CO. decarboxylated from the malate, consequently discriminating against the heavier isotope. In this case the RuDPC reaction would operate with a discrimination factor ranging between two values: (a) about 20'% corresponding to absorption of carbon from an infinite reservoir, as in C, plants, and (b) about O',, corresponding to absorption from a "zero" reservoir, as in C, plants. Thus the RuDPC step would cause isotope compositions in the range of -31 to -1 I, respectively, when the plants fix carbon from the free atmosphere (Fig. 2c) .
Some exogenous carbon might also be fixed in daytime by PEPC, following the C, pathway. However, the malate formed would be incorporated into the described pool, and isotope discrimination by daytime PEPC fixation would not be different from discrimination during the dark fixation process.
The third pathway present in CAM plants (Fig. 2c) is the fixation of exogenous carbon during the day by the RuDPC, via the same carbon pathway as C, plants. Consequently this process would discriminate about 20%f, producing isotope compositions near -27%'r when the plants are grown in the free atmosphere (8) .
Consequently, the isotope composition of the carbon in a CAM plant would be a linear combination of the compositions produced by each one of the described pathways. The 8"C of the total soluble carbon, or extract, would be the result of combining the 8 values of the malate in the pool (-11 %,) with the 8 values of the metabolites produced by the RuDPC step (-Il to -31w, and -27%) (Fig. 2c) . Thus the total range for the extracts would be between -Il and -31X<. Also the insoluble carbon would be a combination of the corresponding values (Fig. 2c) , allowing a range of -11 to -31%'. However, the 8 values for the insoluble and the soluble fractions would not be the same because of the large contribution of the pool of malic acid to the total extract. The values we measured (Fig.  1 b) are within the ranges of 8 values expected from our model.
We generally did not analyze total leaf tissue. Its isotope ratio is the result, in our case, of almost equal contributions of soluble and insoluble carbon. Thus, the differences in 8 values ob'erved between different leaves are small (about 0.5%2I between leaves Nos. 1 and 4).
A consequence of our results is that by comparing the 8"C of leaf extracts with that of insoluble carbon, we may distinguish between CAM and other plants. Previous analyses of total tissue of CAM plants produced 8 values within the C, range thus suggesting that isotopic distinction between CAM and C, plants would be impossible (2, 16 ).
Our proposed model (Fig. 2c) (8) .
